The characterisation of nasal vowels is not only a question of studying velar aperture. Recent work shows that oropharyngeal articulatory adjustments enhance the acoustics of nasal coupling or, at least, magnify differences between oral/nasal vowel congeners. Despite preliminary studies on the oral configurations of nasal vowels, for European Portuguese, a quantitative analysis is missing, particularly one to be applied systematically to a desirably large number of speakers. The main objective of this study is to adapt and extend previous methodological advances for the analysis of MRI data to further investigate: how velar changes affect oral configurations; the changes to the articulators and constrictions when compared with oral counterparts; and the closest oral counterpart. High framerate RT-MRI images (50fps) are automatically processed to extract the vocal tract contours and the position/configuration for the different articulators. These data are processed by evolving a quantitative articulatory analysis framework, previously proposed by the authors, extended to include information regarding constrictions (degree and place) and nasal port. For this study, while the analysis of data for more speakers is ongoing, we considered a set of two EP native speakers and addressed the study of oral and nasal vowels mainly in the context of stop consonants.
Introduction
The indirect estimation of the vocal tract configuration from the acoustic characteristics is difficult to infer for nasal vowels due the acoustic effects of the velopharyngeal coupling. Given such complexity, articulatory properties have been studied over the last decades using more desirable methods of assessing the shape of the entire vocal tract during the production of nasal vowels. These instrumental techniques, such as MRI, allow direct comparison of vowel tract's shape between nasals and their oral congeners. A growing number of articulatory studies on languages with phonemic nasal vowels argued for a set of articulatory adjustments on lingual and lips configuration. In French, pairs of nasal/oral vowels showed differences in tongue height, labial aperture and pharyngeal constriction in addition to velopharyngeal coupling [1, 2, 3, 4, 5] . Data collected by Shosted et al. [6] reveal lingual adjustments in the production of Hindi nasal vowels comparing to their oral congeners. Using cineradiographic data for Brazilian Portuguese (BP), Matta Machado [7] found evidence of tongue body raising during the nasal vowel [6~] and [u~] with respect to their oral congeners 1 . A recent MRI study [8] showed significant differences in tongue fronting, height, and shape between oral /a, e, u/ and their nasal counterparts /a~/, /e~/, and /u~/ in this variety.
European Portuguese has a vowel inventory containing five nasal vowels
. The articulation of EP nasal vowels has been studied in some detail focusing mainly on the dynamic pattern of the velum as provided by electromagnetic articulography (EMA) [9, 10, 11] . More recently, velar movement [12] and the lingual configuration of EP oral and nasal vowels was investigated using both static and real-time magnetic resonance imaging [13, 14] . EP nasal vowels and their oral counterparts have been shown to manifest subtle oropharyngeal distinctions. Nasal vowels [6~] and [o~] exhibited more articulatory adjustments with respect to oral congeners than the high vowels [i~] and [u~] .
The line of research motivating this study aims to propose and perform a comprehensive and quantitative analysis of the oropharyngeal configuration of EP vowels in order to clarify whether oral articulatory adjustments support or not the lowering of the velum to convey the [nasal] contrast in EP. Following this purpose, this study extends previous systematic methods applied to RT-MRI sequences of the vocal tract to compute changes on the oral configurations of nasal vowels after velopharyngeal coupling. This will improve our knowledge regarding: (1) the existence and role of oropharyngeal adjustments; (2) the extent of how velar changes affect oral configurations of nasal vowels; (3) the position of the articulators for nasal vowels when compared with their oral counterparts; and (4) the closest oral counterpart for each nasal vowel in terms of oral configuration.
Method
High sample rate RT MRI images (50fps) [15] are subject of automatic processing in order to extract vocal tract contours, position and configuration for the different articulators.
MRI acquisition
RT-MRI recordings were conducted at the Max Planck Institute for Biophysical Chemistry, Göttingen, Germany, using a 3 T Siemens Magnetom Prisma Fit MRI System equipped with high performance gradients (Max ampl=80 mT/m; slew rate = 200 T/m/s). A 64-channel head coil was used. The speaker was lying down and was instructed to read the required sentences. RT-MRI measurements were based on a recently de-veloped method, where highly under-sampled radial FLASH acquisitions are combined with nonlinear inverse reconstruction (NLINV) providing images at high spatial and temporal resolutions [16] . Acquisitions were made at 50 fps. Speech was synchronously recorded using an optical microphone (Dual Channel-FOMRI, Optoacoustics, Or Yehuda, Israel), fixed on the head coil, placed directly against the speaker's mouth. All volunteers provided informed written consent and filled an MRI screening form. None of the participants had any known language, speech or hearing problems. They were compensated for their participation.
Corpus
The analysed corpus consists of minimal pairs containing all oral [i, e, E, a, O, o, u, 6] and nasal vowels [6~, e~, i~, o~, u~] in the following words 'pote' 'ponte' 'pôde' 'pato' 'panto' 'patinha 'pito' 'pinto' 'peta' 'pêta' 'pente' 'puto' 'punto'. All words were randomized and repeated in two prosodic conditions embedded in one of three carrier sentences alternating the verb as follows: (diga ('Say'); ouvi ('I heard'); leio ('I read')) as in 'Diga pote, diga pote baixinho' ('Say pot, Say pot gently'). The data considered for the analysis presented in this article (two males, 31 and 50 years old, central region of Portugal) is part of a larger experiment. So far, this corpus has been recorded from 16 native speakers (8 male and 8 female) of EP.
Vocal Tract Data Processing and Analysis
The vocal tract outlines were extracted adopting the method proposed by Silva et al. [17] , resulting in contours identifying the different regions of interest, as depicted in Figure 1 .
The comparison among vocal tract configurations was performed adopting and extending a previously proposed framework (for the sake of brevity, additional details can be found in [18, 17, 19] ) enabling normalized quantification of differences, for different articulators/regions of the vocal tract and their visualization (in a diagram as illustrated in Fig. 1 : velum (VEL), tongue dorsum (TD), tongue back (TB), tongue tip (TT), lip protrusion (LP), lip aperture (LA) and pharynx (Ph). For each, the comparison yields a score, from 1 (no difference) to 0 (strong difference), which is represented over the unitary circle (Fig. 1) . The green circular corona highlights the values above 0.75 deemed as "no major difference" [18] .
Additionally, the work presented here also considered constrictions, characterized by location (CL) and sagittal distance (CD) at three regions: tongue tip (TTCD and TTCL), tongue dorsum (TDCD and TDCL), velum (VELCD, VELCL), and tongue back (TBCD and TDCL). Illustrative examples of outputs are presented in Fig. 2. 
Results
Due to space limitations we will focus on the CD and CL, starting by a general analysis of the relevant differences in articulators and constrictions.
Articulation and constrictions
The first question addressed is the comparison of articulators and constrictions of nasal vowels with the oral congeners. Representative plots are presented in Fig. 2 . Table 1 shows the average differences in articulators and constrictions (location and distance) for nasals and their oral counterparts, for both speakers. Relevant differences are high- Not considering TT, mostly affected by coarticulation effects, region and velum, the differences observed between nasal/oral vowels are as follows:
• [6~] differs both from [6] and [a] . It has a less constricted passage at tongue dorsum than [6] and more constricted than [a]; is less constricted than both [6] and [a] in pharyngeal region, causing an increase in TBCD;
• 
Pharyngeal adjustments
From Table 1 , it is clear that Ph does not seem to play a role. This can be confirmed in Fig. 3 , presenting the observed differences for TBCL and TBCD. Constriction location is not affected and distance differences appear mainly for the pair [6~]/ [6] . Even though [6] is the closest to [6~], the CD has a higher value, for the nasal vowel, meaning a less retracted tongue. Additionally, there is a significant difference of TBCD between [O] and [o~] , showing [o~] yields an higher constriction distance and, hence, a less retracted TB. 
Effects for the velar region

Discussion
The results from this study reveal significant adjustments mainly in tongue height, between oral vowels and their nasal counterparts, in EP. These findings could confirm previous research using both static and dynamic MRI data [14, 13] , showing that nasal vowels [6~], [o~] exhibit more articulatory ad- Table 2 : Values for several metrics based in the differences in constriction location and distance: sum of the absolute value of the differences in the four location and constriction pairs; maximum value of the differences; and mean of the absolute values. Values are presented separately, for each speaker, and as the combined results, for both speakers. [u~] . Comparisons between /6~/ and /6/-/a/ showed more substantial oropharyngeal adjustments than in other oral/nasal vowels pairs. The nasal vowel displayed an intermediate tongue blade position between the oral vowels /a/ and /6/ and a wider pharyngeal region compared to both oral vowels. Fronting and raising of the tongue for [a~] with respect to [a] have been also pointed out for BP [8] and seems to suggest that the distinction between these vowels implies oropharyngeal articulation after velar lowering [8] . Nasal vowel /u~/ showed a lower tongue dorsum position compared to /u/, as with the pair /o/-/o~/. In the latter, the nasal vowel tends to show a tongue dorsum position similar to [O] . This result for back nasal vowels confirms previous descriptions for BP [8] , and is likely due to spatial limitation in the oral cavity, i.e. tongue dorsum moves forward to avoid epiphenomenal contact between lowered velum and high tongue dorsum. For /i/-/i~/, a slightly higher tongue dorsum position for the nasal vowel was observed compared to /i/, while for /e/-/e~/, the tongue configurations were very similar.
In contrast with previous analysis for languages with phonemic nasal vowels (e.g., French) [2, 1, 4] , the results of the present study do not provide evidence that nasalisation in EP is associated with pharyngeal variations in addition to velar lowering (except for the pair /6/-/6~/), suggesting that TD may be responsible for maintaining or enhancing the phonemic oral vowel distinction.
Conclusion
In this paper, we propose a new quantitative method to systematically evaluate articulatory information from high sample rate RT-MRI. Specifically, the method was applied to the study of oropharyngeal configurations of EP nasal vowels and allowed a direct articulatory comparison between nasal vowels and their oral congeners. Overall, the proposed method improved the description of nasal vowels, and allowed new insights into oral adjustments in nasal vowels, relevant in the field of phonetics and articulatory phonology. Furthermore, it is able to deal with the increasing amount of data provided by recent MRI techniques and it allows the analysis of data obtained for a high number of speakers.
Future work will include the processing and analyses of the full database to address this and other relevant research questions, namely the dynamic pattern of nasal vowel production and gestural timing. Improvements in the visualisation and introduction of other metrics are also of great interest to develop the proposed framework. 
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